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ABSTRACT 
 
The conversion of solar energy into usable forms of energy such as electricity and heat is 
attractive given the abundance of solar energy and the numerous issues recently raised in 
the consumption of fossil fuels. Solar conversion technologies may generally be 
categorised as either photovoltaic or solar thermal types capable of converting incidental 
sunlight into electricity and heat respectively. The photovoltaic cell is able to transform 
incidental sunlight into electricity via the Becquerel effect, however, the single junction 
crystalline silicon solar cell, the predominant cell type in today’s photovoltaic market is 
only able to utilise a small portion (less than 20%) of incidental sunlight for this purpose. 
A majority of the remaining portion is absorbed much like a traditional solar thermal 
collector and sunk as heat by the cell, elevating its operating temperature. Given the 
negative effect of temperature on photovoltaic cell operation, where a linearly 
proportional drop in conversion efficiency with elevated temperature can be expected, 
photovoltaic conversion can be reduced significantly particularly in areas of high 
irradiance and ambient temperatures. Based on the intrinsic absorption characteristics of 
the photovoltaic cell, a third type of solar panel referred to as the hybrid photovoltaic 
thermal collector (PVT) collector has been developed where fluid channels running along 
the underside of the photovoltaic panel transfer heat away from the cells to minimise this 
detrimental effect. Furthermore, heat captured from the cells may then be used for space 
heating or domestic hot water improving the overall collector efficiency.  
 
In this study a unique building integrated PVT (BIPVT) collector is investigated 
consisting of an aluminium extrusion with structural ribs, fluid channels, and solar 
conversion materials. In order to evaluate this design, a mathematical model of the 
collector was developed in order to determine both thermal and electrical yield of the 
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proposed design. The thermal analyses of the building integrated PVT collector in 
previous studies have generally adopted the approach applied to traditional solar thermal 
collectors where the distribution of coolant fluid flowing through the piping array is 
assumed uniform. For a conventional solar thermal collector this simplification may be 
reasonable under certain circumstances, however, given the temperature sensitivity of 
photovoltaic cells and their electrical connection scheme, this assumption may lead to 
significant modelling error. In order to further investigate this issue, a mathematical 
model has been developed to determine the photovoltaic yield of a BIPVT collector 
operating under non-homogeneous operating temperature as a result of flow mal-
distribution. The model is composed of three steps individually addressing the issues of 
1) fluid flow, 2) heat transfer, and 3) the photovoltaic output of a BIPVT array. Fluid 
analysis was conducted using the finite element method in order to obtain the individual 
fluid channel flow rates. Using these values, a heat transfer analysis was then conducted 
for each module forming the BIPVT array to calculate the photovoltaic operating 
temperature for the constituent cells forming the array. During this step the finite 
difference method was utilised to approximate the fin efficiency of the building integrated 
collector, taking into account its irregular geometry. Finally the photovoltaic yield was 
calculated using a numerical approach which considered the individual operating 
temperature of the PV cells. During this step a new method was identified to determine 
the values of series and shunt resistances and also the diode constant required for the 
modelling of photovoltaic devices based on the multi-dimensional Newton-Raphson 
method and current-voltage equations expressed using the Lambert W-function. 
Experimentation was carried out to validate the new modelling methods. 
 
These models were combined to quantify the detrimental impact of flow mal-distribution 
on photovoltaic yield for a number of scenarios. In the case where flow uniformity was 
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poorest, only a 2% improvement in photovoltaic yield was obtained in comparison to a 
traditional photovoltaic panel operating under the same environmental conditions. For the 
case where flow uniformity was optimal however, photovoltaic output was improved by 
almost 10%.  
 
This work has shown that the effects of poor flow distribution has the potential to have a 
substantial negative impact on the photovoltaic output of a building integrated solar 
collector especially given the variability in its physical geometry. The appropriate design 
of this technology should therefore consider the effects of this phenomenon. The 
methodology presented in this study can be used to approximate PV output for a BIPVT 
array with different array geometries and operating characteristics. Furthermore, the 
method to calculate solar cell modelling parameters developed in this study is not only 
useful for the analysis of hybrid PVT systems, but for the general analysis of photovoltaic 
systems based on crystalline silicon solar cells.  
 
  
iv 
 
ACKNOWLEDGEMENTS 
 
Firstly I’d like to thank my chief and secondary supervisors Mike Duke and James 
Carson for all their help and guidance. This undertaking was greatly assisted by their 
valuable input and feedback. On a personal level, the ups and downs that come with 
doing any PhD were also much more manageable having such approachable and 
supportive supervisors.  
 
I’d like to thank Ben McGuiness for all his excellent work building the PV laminator and 
his assistance with this project in general. Your hands on skills were very much 
appreciated and an important compliment to the mathematical aspects of this work. 
 
Finally, it’s a long road getting to the stage of starting a PhD and finishing one. That 
journey would of have been impossible without the lifetime of support and 
encouragement from my family. Thanks mum, dad, and apa for everything you have done 
for me. I hope you can now say that all that money spent on telescopes, microscopes, 
electronics, and Lego sets was worth it. I’d like to especially thank my big sister, who has 
always been there for me. 
 
  
v 
 
LIST OF PUBLICATIONS 
Journal Papers 
F. Ghani and M. Duke, "Numerical determination of parasitic resistances of a solar cell 
using the Lambert W-function", Solar Energy, vol. 85, pp. 2386-2394, 
2011. 
 
F. Ghani, M. Duke, and J. K. Carson, "Effect of flow distribution on the photovoltaic 
performance of a building integrated photovoltaic/thermal (BIPVT) collector", Solar 
Energy, vol. 86, pp. 1518-1530, 2012. 
 
F. Ghani, M. Duke, and J. K. Carson, “Numerical calculation of series and shunt 
resistances and diode quality factor of a photovoltaic cell using the Lambert W-function”, 
Solar Energy, [Article in Press], 2012 
 
F. Ghani, M. Duke, and J. K. Carson, “Estimation of photovoltaic conversion efficiency 
of a building integrated photovoltaic/thermal (BIPVT) collector array using an artificial 
neural network”, Solar Energy, vol. 86, pp.3378-3387, 2012 
 
F. Ghani, M. Duke, and J. K. Carson, “Numerical calculation of series and shunt 
resistance of a photovoltaic cell using the Lambert W-function: Experimental 
Evaluation”, Solar Energy, vol. 87, pp.246-253, 2013. 
 
F. Ghani, M. Duke, and J.K. Carson, “Statistical analysis of factors affecting the flow 
characteristics and thermal efficiency of a building integrated thermal (BIT) solar 
collector”, International Journal of heat and fluid flow, [Under review], 2012.  
 
vi 
 
Conference Papers 
F. Ghani and M. Duke, “Numerical determination of series and shunt resistances using 
the Lambert W-function”, IEEE Photovoltaic Specialists Conference, Seattle, 
Washington, 2011. 
 
F. Ghani and M. Duke, “Calculation of Series and shunt resistance using the Lambert W-
function: Experimental validation”, EU-PVSEC, Frankfurt, Germany, 2012. 
 
F. Ghani, M. Duke, J. K. Carson, “Extraction of solar cell modelling parameters using the 
Lambert W-function”, Australian Solar Energy Society Conference, Melbourne, 
Australia, 2012.  
  
vii 
 
Table	of	Contents	
ABSTRACT ......................................................................................................................... i 
ACKNOWLEDGEMENTS ............................................................................................... iv 
LIST OF PUBLICATIONS ................................................................................................ v 
Chapter 1: Introduction ....................................................................................................... 1 
1.1  Problem statement ............................................................................................... 1 
1.2  Aim and scope of research .................................................................................. 3 
1.2.1  Collector design selection ........................................................................... 4 
1.3  Overview of the thesis ......................................................................................... 8 
Chapter 2: Review of the Literature .................................................................................. 10 
2.0  Introduction ....................................................................................................... 10 
2.1  The hybrid photovoltaic/thermal collector ........................................................ 10 
2.1.1  The PVT/air collector .................................................................................... 12 
2.1.2  The PVT/water collector ............................................................................... 17 
2.1.3  Building integrated photovoltaic collectors .................................................. 20 
2.2  Analysis of PVT collectors ............................................................................... 23 
2.2.1  Heat transfer analysis .................................................................................... 23 
2.2.2  Flow distribution within a header riser fluid network ................................... 25 
2.2.3  Mathematical modelling of photovoltaic cell ............................................... 31 
2.2.3.1  Effect of Rs, Rsh, and n on solar cell behaviour ......................................... 34 
2.2.3.2  The effect of temperature on PV output ........................................................ 38 
2.2.3.3  Photovoltaic mismatch losses ....................................................................... 40 
2.3  Summary ........................................................................................................... 45 
viii 
 
Chapter 3: Statistical analysis of factors affecting the flow characteristics and thermal 
efficiency of a building integrated thermal (BIT) solar collector ..................................... 47 
Introduction ................................................................................................................... 47 
Journal Paper: Statistical analysis of factors affecting the flow characteristics and 
thermal efficiency of a building integrated thermal (BIT) solar collector .................... 50 
Abstract ..................................................................................................................... 50 
3.0  Introduction ................................................................................................... 51 
3.1  Method .......................................................................................................... 54 
3.2  Experiment design ........................................................................................ 55 
3.3  Fluid Analysis ............................................................................................... 58 
3.4  Heat transfer analysis .................................................................................... 60 
3.5  Results and Discussion.................................................................................. 71 
3.6  Conclusion .................................................................................................... 74 
References ................................................................................................................. 75 
Chapter 4: Numerical determination of parasitic resistances of a solar cell using the 
Lambert W-function .......................................................................................................... 77 
4.0  Introduction ....................................................................................................... 77 
4.1  Journal Paper: Numerical determination of parasitic resistances of a solar cell 
using the Lambert W-function ....................................................................................... 79 
Chapter 5: Numerical calculation of series and shunt resistance of a photovoltaic cell 
using the Lambert W-function: Experimental evaluation ................................................. 88 
5.0  Introduction ....................................................................................................... 88 
5.1  Journal paper: Numerical calculation of series and shunt resistance of a 
photovoltaic cell using the Lambert W-function: Experimental evaluation .................. 90 
ix 
 
Chapter 6: Numerical calculation of series and shunt resistances and diode quality factor 
of a photovoltaic cell using the Lambert W-function ........................................................ 98 
6.0  Introduction ....................................................................................................... 98 
6.1  Journal Paper: Numerical calculation of series and shunt resistances and diode 
quality factor of a photovoltaic cell using the Lambert W-function ........................... 100 
Chapter 7: Effect of flow distribution on the photovoltaic performance of a building 
integrated photovoltaic/thermal (BIPVT) collector ........................................................ 110 
7.0  Introduction ..................................................................................................... 110 
7.1  Journal Paper: Effect of flow distribution on the photovoltaic performance of a 
building integrated photovoltaic/thermal (BIPVT) collector  ..................................... 112 
Chapter 8: Estimation of photovoltaic conversion efficiency of a building integrated 
photovoltaic/thermal (BIPVT) collector array using an artificial neural network .......... 125 
8.0  Introduction ..................................................................................................... 125 
8.1  Journal paper: Estimation of photovoltaic conversion efficiency of a building 
integrated photovoltaic/thermal (BIPVT) collector array using an artificial neural 
network  ...................................................................................................................... 126 
Chapter 9: Summary and Conclusions ............................................................................ 136 
9.1  Introduction ..................................................................................................... 136 
9.2  Analysis of factors affecting flow distribution ................................................ 137 
9.3  Calculation of solar cell modelling parameters ............................................... 138 
9.4  The effect of flow distribution on the photovoltaic output ............................. 140 
9.5  Conclusions ..................................................................................................... 141 
9.6   Scope of research and future work .................................................................. 143 
References ....................................................................................................................... 144 
x 
 
 
Table of Figures 
Figure 1: Design of the PVT collector under investigation in this study. ............................................... 2 
Figure 2: Flow rates through each fluid channel (red arrows) of a header/riser type fluid 
network will not be equal in the field. .................................................................................................... 3 
Figure 3: BIPVT Collector design consisting of a standing seam coloured steel roof and 
an absorber plate adhered in place with pc-Si cells encapsulated using a poly-vinyl resin 
adhered onto the roofing [9]. .................................................................................................................. 5 
Figure 4 Cross sectional view of the assembly explosion for the collector investigated by 
Anderson [9]. .......................................................................................................................................... 5 
Figure 5 Design of the aluminium extruded BIPVT collector with photovoltaic cells. .......................... 6 
Figure 6 Schematic representation of the encapsulation of PV cells using EVA [11]. ........................... 7 
Figure 7 Flatbed laminator used to cure the EVA and encapsulate the sandwich assembly 
[11]. ......................................................................................................................................................... 7 
Figure 8: Schematic of PVT/air collector designs evaluated in the study by Hegazy [34]. .................. 13 
Figure 9 Double pass PVT/air collector with underside fins [6]. ......................................................... 15 
Figure 10 Flat box channels assembled to create an absorber for a PVT collector [49]. ...................... 18 
Figure 11 PVT configurations investigated by Zondag et al. [22]. ....................................................... 19 
Figure 12 Cross section of the PVT collector analysed by Florschuetz [69]. ....................................... 25 
Figure 13 Diagram of a header/riser array under parallel flow [77]. .................................................... 27 
Figure 14 Diagram of a header/riser array under reverse flow. ............................................................ 27 
Figure 15 Variation in absorber temperature for a collector under uniform flow (left) and 
non-uniform flow (right) [83]. .............................................................................................................. 30 
Figure 16 Equivalent circuit diagram of the single diode lumped parameter model [17]..................... 31 
Figure 17 The effect of increasing the series resistance (Rs) on the current-voltage curve 
of a PV cell [106]. ................................................................................................................................. 35 
xi 
 
Figure 18 Effect of varying shunt resistance (Rsh) on the current-voltage curve a PV cell 
[106]. ..................................................................................................................................................... 36 
Figure 19 Current voltage curves for a number of PV cell arrangements, showing the 
effect of redundancy and how an array I-V curve can be determined from its constituent 
components [142]. ................................................................................................................................. 42 
Figure 20 Photovoltaic topologies investigated by Picault et al.[103]. ................................................. 44 
Figure 21 Drawing of BIT concept collector under development at the University of 
Waikato. ................................................................................................................................................ 52 
Figure 22 Overview of experiment method. ......................................................................................... 55 
Figure 23 Physical comparison between low and high levels for Factor A. ......................................... 56 
Figure 24 Side-by-side comparison of the two array geometries investigated (Factor B). 
The low level array consists of 24 BIT modules 1m in length while the high level array is 
made up of 6 modules 4m in length. Both arrays are 3.6 m2 in area. ................................................... 57 
Figure 25 Diagram depicting the difference in flow connections of a header riser flow 
network for a parallel flow array (left) and a reverse flow array (right) [153]. .................................... 59 
Figure 26 Comparison between the classical fin (top) and the simplified BIT collector 
designs. ................................................................................................................................................. 62 
Figure 27 Nodal network of the BIT collector used to determine the temperature 
distribution using the finite difference method. Additionally, all nodes were subject to 
heat loss, qloss. ..................................................................................................................................... 63 
Figure 28 control volume for a node under incidental radiation. .......................................................... 63 
Figure 29 control volume for a node under no incidental radiation. ..................................................... 64 
Figure 30 control volume for the node under incidental radiation and convective heat 
transfer. ................................................................................................................................................. 65 
Figure 31 control volume for the nodes at rib ends. ............................................................................. 66 
xii 
 
Figure 32 Temperature distribution for the BIT collector along the fin compared with the 
temperature distribution of a standard flat plate collector. Both sets of data were 
calculated numerically using the finite difference method. .................................................................. 68 
Figure 33 Pareto plot of effects at 5 per cent significance level. .......................................................... 73 
Figure 34 Normal probability plot. ....................................................................................................... 73 
Figure 35 Residual versus order of the data. ......................................................................................... 74 
1 
 
Chapter 1: Introduction 
1.1	 Problem	statement	
In a single hour the quantity of energy received on earth from the sun is equivalent to all 
the energy consumed by humans in an entire year [1].  This makes solar energy one of the 
most exploitable renewable energy resources that we know of today.  To make use of this 
abundant supply of energy, research into various technologies which are capable of 
converting solar energy into usable forms of energy such as electricity and heat is active 
worldwide. One such device is the hybrid photovoltaic/thermal collector, henceforth 
referred to as a PVT collector. The PVT collector is a single integrated device which can 
simultaneously convert incidental solar radiation into both electricity and heat [2]. In the 
next chapter, research conducted into the operational characteristics of a silicon solar cell 
and how they are temperature sensitive devices is discussed. In summary, their output is 
hindered by elevated temperature which is typical in the presence of solar radiation due to 
their inherent absorption characteristics [3]. Referring to Figure 1, the PVT collector 
incorporates fluid channels which are used to cool the photovoltaic cells. Therefore, by 
cooling the photovoltaic cells not only can the photovoltaic yield be improved, but heat 
recovered from the cells may be used for some purpose such as space heating or domestic 
hot water applications.  By converting radiation into both electricity and heat, the energy 
yield per square meter of roof used by the building integrated PVT collector is increased 
significantly over traditional photovoltaic solar thermal technology. Furthermore research 
has indicated that the overall cost and aesthetics may also be improved [4]. Costs are 
improved by removing material and labour redundancies as the PVT collector is a single 
integrated device and aesthetics are improved by integrating solar conversion materials 
into the building envelope [5]. 
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1.2.1 Collector design selection 
Prior to this study, research by Anderson [9] was carried out investigating the thermal 
aspects of the BIPVT collector. In his work, a standing seam or troughed sheet metal roof 
made from coloured steel was used to fabricate the collector (refer to Figure 3). In 
addition to the structural ribs which stiffen the collector and provide the necessary 
strength, a coolant channel was formed in the profile to provide a pathway for the coolant 
fluid as shown by Figure 4. The fluid channel was created by attaching a colour coated 
absorber steel sheet onto the sheet metal roof by the use of adhesives. A number of 
challenges were encountered with this design however.  
i)  The coloured steel material used to fabricate the collector was galvanised and dip 
coated black (to improve absorption). Although varying the material colour was 
not found to be significantly detrimental to thermal performance [10], welding 
the absorber sheet to the sheet metal collector was found difficult to achieve 
unless coatings were first removed [9]. 
ii) Experience with adhesives as an alternative to welding proved unreliable being 
prone to leakage and raised serious concern with the longevity of the product.  
iii) In order to make the necessary fluid connections to the collector, holes were 
drilled into the sheet metal collector for the inlet and outlet plumbing fittings (see 
Figure 3). Nipples were silver soldered onto the underside of the collector for 
manifold connection. The fluid opening remains at the end so the collector had to 
be plugged. This process was similarly found unreliable with leaks forming and 
raised concern over how the process could be reliably implemented in a high 
speed manufacturing environment.  
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1.3	 Overview	of	the	thesis	
Chapter 2 will review the literature relevant to the PVT collector and the research aim. 
The major types and design variations of the PVT will be introduced and discussed. 
Studies regarding the effect of flow distribution in the context of the solar thermal 
collector will be examined followed by the traditional heat transfer analysis of these 
systems. Literature regarding the modelling of photovoltaic devices including the 
influence of temperature and the effects of mismatching will be discussed in detail.  
 
A preliminary investigation into the effect of geometry and other factors specific to the 
building integrated PVT collector on flow distribution is given in Chapter 3. As the 
results from Chapter 3 indicated that a large variation in flow distribution is possible for 
the building integrated PVT collector, a photovoltaic model with the ability to capture 
heterogeneous array operating temperature was developed. Chapter 4 will describe the 
research carried out into the development of a unique numerical method for determining 
the series and shunt resistances of a solar cell, two parameters required for modelling a 
photovoltaic cell, using the Lambert W-function. The experimental method used to 
validate the numerical method presented in Chapter 4 is presented in Chapter 5. Based on 
the results presented in Chapter 5, it was found that the numerical method presented in 
Chapter 4 could be further enhanced. Chapter 6 presents a modified numerical algorithm 
to calculate the values of series and shunt resistances and also the diode ideality factor. 
Using the mathematical model of the photovoltaic system developed in chapter’s four to 
six, the effect of flow distribution on the photovoltaic output of the PVT collector is 
examined in Chapter 7. However, the three step numerical approach presented in Chapter 
7 was found to be computationally intensive and time consuming to conduct. To address 
this issue, an artificial neural network was successfully trained to approximate 
photovoltaic output considering the phenomenon of flow distribution. Details of this 
9 
 
study are provided in Chapter 8. Conclusions and recommendations are finally provided 
in Chapter 9.   
Chapters 3 to 8 inclusive are presented in their journal article published format. Those 
already published and submitted for publication are included in the abstract. Prior to each 
journal paper, a short introduction is provided commenting on the motivation behind the 
work carried out and its overall contribution to the body of thesis.   
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Chapter 2: Review of the Literature 
2.0	 Introduction	
Background material relevant to the analysis of the hybrid photovoltaic/thermal (PVT) 
collector is presented in this chapter. Considerable research into this technology has 
occurred from its original development in the 70’s [13]. Here previous research onto the 
development of the hybrid PVT collector is reviewed including the advantages and 
motives behind the technology. Examples will be presented for the PVT/air, PVT/water, 
and the building integrated (BIPVT) design variants. Despite the technological 
advantages associated with the PVT collector, a number of obstacles that remain to be 
addressed, such as the detrimental effect of high temperature on the output of a 
photovoltaic device, leading to the primary research goal of this study.  
 
2.1	 The	hybrid	photovoltaic/thermal	collector	
As a result of the OPEC oil embargo in 1973/1974 and the subsequent rise in oil prices, 
research into the harnessing of solar energy was escalated during this period. One 
outcome of this research activity was the development of the PVT collector concept 
originally developed by Martin Wolf in the mid 70’s [13]. In this pioneering study, Wolf 
experimented with a PV array mounted within a non-concentrating thermal collector and 
a lead acid battery for storage. His work concluded that the concept was both feasible and 
cost effective leading to significant research into this area.  
The PVT collector is a single integrated device which can simultaneously convert solar 
radiation into both electricity and heat [14]. In essence, solar cells are implemented 
directly onto a thermal absorber and used for the direct conversion of solar energy into 
electricity via the photovoltaic effect. The typical silicon solar cell will convert between 
4-17% of incidental radiation into electricity [15]. The remaining portion (greater than 
50% after the deduction of reflection losses) is absorbed and converted into heat [16]. As 
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a result of their absorption characteristics [16], the operating temperature of a solar cell 
can be expected to rise in the presence of radiation. This can lead to two undesirable 
outcomes:  
 
(i) a drop in conversion efficiency (0.5%/oC rise for silicon cells has been 
reported [17]) and  
(ii) possible permanent damage to the cell due to thermal stress [18].  
 
These undesirable effects, however, can be mitigated by cooling the cells with a fluid 
(typically either water or air) thus improving their photovoltaic output and lifetime. Total 
energy yield from the collector can be further improved by capturing and transporting 
heat collected from the cells for space heating/hot water applications via an active heat 
recovery system. The photovoltaic array is thus a constituent part of the thermal absorber 
assembly [19] potentially leading to a substantial increase in the overall efficiency of the 
collector.  Model calculations performed in the 1990’s gave the range of the total 
combined efficiency to be between 60-80% for a hybrid collector [20].  
The improved yield of the hybrid collector was experimentally demonstrated in the 
Netherlands by Zondag et al. [21]. In their study, solar thermal and photovoltaic 
collectors each of 1 m2 in area were found to produce 520 kWh and 72 kWh of energy 
respectively in annual yield. A PVT collector 2m2 in total area on the other hand was 
found to yield 720 kWh of thermal energy and 144 kWh of electrical energy, an 
approximate increase of 44%. These results were further supported in follow-up work by 
the same group [22]. The advantage of yielding more energy per unit area of roofing in 
comparison to traditional solar technologies was stated to be particularly relevant to areas 
of dense population such as India, China, and Japan [23]. For example, a simulation study 
12 
 
demonstrated that the PVT collector can reduce the total roofing area by 60% in 
comparison to using traditional technology installed side-by-side [24].  
A number of design variations currently exist within the PVT family from which two 
main categories may be identified: (i) concentrated and (ii) flat plate [25]. As the former 
is beyond the scope of this work this review shall focus only on the flat plate collector. 
Within this group, collectors can be further classified according to the type of working 
fluid used to transport heat away from the photovoltaic (PV) cells. Air and water are the 
most common; however, several studies have investigated the use of refrigerants coupled 
with heat pumps [26-31]. Furthermore a special variant of the PVT collector, the building 
integrated PVT or BIPVT collector will be discussed in detail given its particular 
relevance to this research project. The proceeding sections will review the historical 
development of each.  
 
2.1.1	 The	PVT/air	collector	
Air that is naturally or forcibly circulated can be used simply and economically to cool 
photovoltaic modules. Forced circulation will offer superior cooling over natural 
circulation owing to higher rates of convective heat transfer but the additional fan power 
will reduce net electricity gain [15]. The low thermal conductivity of air, however, results 
in poor heat transfer between the absorber plate and air [32]. Nevertheless several designs 
have been proposed to increase the heat transfer coefficient to tackle this issue. These 
include multiple pass [33, 34], finned absorber [35, 36], and corrugated-type absorber air 
heaters [37].  
The effect of multiple-pass air flow for a solar air heater was theoretically investigated by 
Garg et al. [33]. The addition of air passes was said to reduce thermal losses from the 
collector, thereby increasing total energy collected. Optical losses were reported to 
increase with the addition of covers but the thermal gains were found to improve 
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It was shown from this study that Mode I offered the lowest performance while the other 
three produced comparable results. Mode III followed by Mode IV and II consumed the 
least fan power. The suitability of a selective surface absorber plate was also investigated 
and deemed inappropriate due to reduced PV generation especially at low flow rates.  
Joshi et al. [39] evaluated the performance of two single pass hybrid PVT/air collectors. 
The first PVT/air collector was made with a glass-to-Tedlar® construction and the second 
was a glass-to-glass type. All experiments were performed outdoors in New Delhi, India. 
It was found that the glass-to-glass collector operated with the highest thermal efficiency. 
Thermal efficiency was found to decrease with duct length for both collectors and 
increase with an increase in duct air velocity. 
Another study by Garg et al. [35] showed the effect of introducing rectangular fins and v-
groove corrugation into the absorber of a solar air heater by carrying out an theoretical 
analysis. By increasing the heat transfer area of the absorber using fins, the air outlet 
temperature was shown to improve.  
A black-painted corrugated Aluminium roof was analytically and experimentally 
investigated by Choudhury et al. [37] as a low cost air heater for low temperature 
applications such as agricultural use. Electrically driven blowers were used to circulate air 
in a channel created between the roof and a wooden plate. Collector efficiency 
measurements were made for various mass flow rates and channel dimensions. In order to 
obtain high temperatures it was found that that a low mass flow rate with long channel 
length was necessary. Reducing fin width was found to significantly improve system 
performance in their study.  
A finned double-pass PVT/air collector was investigated by Yusof Othman et al. [6] 
which adopted both the multiple pass and finned approach. In this collector, air entered 
through the upper channel formed between the glass cover and a photovoltaic panel 
which was directly heated by the sun. The air then entered a lower channel formed 
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make substantial reductions in thermal energy consumption based from indoor testing 
results. Energy savings of 500 kWh to 1000 kWh per m2 per year were claimed.  
So far this survey has only covered roof-mounted collectors but a novel PVT/air collector 
in the form of a wallboard has been developed and tested by Nagano et al. [42]. This 
novel collector was developed in response to the issue of snow build-up on collectors in 
the cold climate of Hokkaido, Japan. A vertical wall board would not accumulate snow 
and would function throughout the year. Photovoltaic panels orientated at 80 degrees 
(relative to the ground) were arranged with a rear air channel where air was circulated 
using fans. Various configurations were investigated including the fabrication of 
collectors with amorphous silicon PV and polycrystalline cells and with/without glazing. 
Thermal efficiencies varied between 20.2 and 22.3% for unglazed collectors and 29.2% 
and 36.9% for glazed ones. Amorphous silicon cells were found to be unsuitable on 
account of their low conversion efficiency as the area of the south facing wall of a typical 
Japanese house would be insufficient to provide the electricity needed.  
The disadvantages of the PVT/air collector, however, are the low heat transfer rates due 
to the low heat capacity and thermal conductivity values of air. Tripanagnostopoulos et al. 
[40] carried out an extensive comparative study on a combination of PVT collector 
designs including the use of glazing and air and water as the working fluid. Their study 
showed that thermal output was improved by up to 30% with the introduction of glazing 
albeit at the cost of photovoltaic yield. Photovoltaic conversion efficiency was reduced by 
16% due to reflection loss introduced by glazing and the elevated working temperature of 
the photovoltaic cells. Based on these results the authors recommended that glazing be 
used for applications favouring thermal output. However, by installing low cost booster 
diffuse reflectors, photovoltaic losses were completely recovered compared with the 
glazed PVT collector.  
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Furthermore Kalogirou and Tripanagnostopoulos [43] mentioned that air-type PVT 
collectors are not suited for applications in medium and high latitude countries due to the 
low ambient temperatures which limit their implementation. Consequently a significant 
number of studies have been carried out in the development of the PVT/water collector.  
 
2.1.2	 The	PVT/water	collector	
The transport properties of water make it better suited for heat exchange applications 
based on its higher thermal capacity [44]. Furthermore, water is convenient due to its 
infrared absorption characteristics which could be exploited when coupled with a PV cell 
of complimentary spectral response [45]. At present the most popular design resembles 
the traditional solar thermal collector which utilises the fin and tube approach; however, 
several other approaches have also been investigated.  
 
In one study, a PVT collector was built by simply laminating photovoltaic cells directly 
onto the aluminium absorber of a conventional solar thermal collector [46]. The objective 
of this analysis was to compare the total energy yield of a thermo-electric generator 
(TEG) and a hybrid PVT collector. The PVT collector of 2.1 m2 in aperture area was 
found to operate with a total efficiency of 73.6% at zero reduced temperature. A similar 
value was reported by Tripanagnostopoulos et al. for a flat plate collector built and tested 
in Greece [40]. In the study by Tripanagnostopoulos et al., however, the PV panel was 
mechanically pressed onto the top of the heat exchanger raising the issue of thermal 
contact resistance with air trapped between the PV panel and absorber. A similar method 
of coupling the PV panel to the absorber was also reported in another study [47]. A 
significant improvement in yield was more recently reported by a German group which 
fabricated a glazed PVT collector by directly laminating single crystalline cells onto an 
optimised absorber, thus minimising contact resistance [48]. Indoor testing of the 
collector revealed a combined thermal/photovoltaic conversion efficiency of nearly 88%.  
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results, Zondag et al.  made the conclusion that this design is the most promising of the 
designs investigated.  
 
Further investigation into the sheet and tube design PVT collector was consequently 
carried out by Zondag et al. [53]. A numerical model was developed in order to identify 
and quantify the loss mechanisms behind the reduced PV and thermal yield of a PVT 
collector in comparison to traditional PV and solar thermal collectors respectively. It was 
found that reductions for both PV and thermal losses could be achieved by the application 
of anti-reflective coatings and thermal output could be improved by applying a low 
emissivity coating to the absorber at the expense of electrical efficiency. Their work 
identified the trade-off that exists between the thermal and photovoltaic efficiencies.  
 
The technology discussed so far is similar to conventional solar thermal and photovoltaic 
collectors in the sense that they are installed on top of existing building materials (roofs, 
walls, etc.). A special branch of PVT collectors known as the building integrated PVT or 
BIPVT collector has recently emerged receiving significant attention. Here traditional 
building materials are replaced by solar-converting ones. 
 
2.1.3	 Building	integrated	photovoltaic	collectors	
The energy consumed and the emissions produced by today’s modern buildings are 
gaining more attention as a result of growing demand for the implementation of 
renewable energy technologies [54]. However one of the challenges facing the 
implementation of renewable energy today, particularly solar energy systems, is this issue 
of cost. The economics of solar energy systems needs be addressed to see the transfer of 
this technology into the market. Studies have been performed which indicate that the PVT 
collector is favourable over existing technology based on its improved energy yield [22]. 
The reduced payback time of a PVT collector in comparison to individual technologies 
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(i.e. PV only or solar thermal only) has consequently been demonstrated by a study 
conducted in Italy by Frankly et al. [55]. Similarly a study performed in Greece showed 
that the payback time of the PVT collector was reduced by 10 and 6 years for mono-
crystalline (c-Si) and amorphous crystalline (a-Si) modules respectively against the 
traditional corresponding photovoltaic systems [56].  
Further cost reductions, however, are possible by replacing traditional building materials 
with solar energy conversion materials and removing installation and material 
redundancies [57]. A number of methods currently exist to incorporate solar technology 
into the built environment. The first method is to only integrate the photovoltaic panel 
onto roofs and facades [58]. This rapidly growing area is known as building integrated 
photovoltaics or BIPV. The second method is to include the characteristics of a traditional 
solar thermal collector and manufacture what is called a building integrated thermal or 
BIT collector. Finally the BIPVT collector includes aspects from both BIPV and BIT 
technologies. Driven by its cost saving potential and architectural uniformity, where even 
colour can be varied [10, 22, 59], several studies have been carried out exploring this 
technology.  
Photovoltaic technology can be integrated into sloped roofs, flat roofs, facades, and 
shading devices [54]. By replacing conventional building envelope materials with BIPV 
technology, the outer surface serves as a climate screen and also a local source of 
electrical energy. The improved economics of the BIPV collector over a standalone 
photovoltaic system was demonstrated in one modelling study carried out in India [60]. 
Supporting the results of Benemann et al. [61], this study provided the details of an 
economic analysis comparing these two systems showing the improved economics of the 
building integrated system. In addition to its technological advantages, the BIPV collector 
offers an aesthetic improvement by providing greater architectural uniformity  
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One major concern of integrating photovoltaics into rather than onto the building 
envelope, however, is temperature. The negative effect of temperature on photovoltaic 
yield will be discussed in detail in a later section; however, it is worth noting that there is 
a linear drop in conversion efficiency for crystalline silicon solar cells with increased 
temperature. By incorporating PV technology into structures, higher than usual operating 
temperatures may result due to the reduced cooling. For example, Davis et al. [62] 
predicted operating temperatures greater than 20 oC above the normal operating 
temperature of a photovoltaic panel. Taking the mean decay of PV conversion efficiency 
to be 0.5% per degree Celsius rise [63], this will lead to an approximate drop of 10% in 
PV output compared to normal operation. Similar to the concept behind the PVT 
collector, by incorporating ventilation or means to actively recover heat from the BIPV 
panel, the negative effect of temperature can be reduced. This principle has led to the 
development of the BIPVT collector.  
Identifying the potential BIPVT collector to improve the output of a PV system in sunny 
and warm climates, Chow et al. [64] carried out a comparative analysis of three designs 
for a hotel located in Macau. The first design was to have an air gap behind the PV panel 
with open ends to allow natural and wind-induced ventilation of the panel. The second 
design included means to recover heat from the panels for hotel use via buoyancy induced 
flow. Finally the third design was a standard BIPV system with no ventilation or heat 
recovery. Interestingly no significant variation in PV output was calculated from this 
numerical study between each of the three designs due to the regulated cool indoor 
temperature of the hotel which effectively cooled the PV cells. However space heat gain 
through the solar wall was minimised by the PV system with active heat recovery. 
Additionally between May and October, approximately 70, 000 MJ of warm air was 
generated, according to the simulation, which could be used for water pre-heating use in 
the kitchen, etc.  
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An additional study by Chow et al. [65] experimentally investigated the performance of a 
BIPVT system mounted on a vertical wall coupled with a thermosyphon-type water 
cooling system. It was found that the thermal efficiency of the system at zero reduced 
temperature was 38.9% and the corresponding photovoltaic conversion efficiency was 
only 8.56%. Similar to the results obtained in the previous study [64], one significant 
advantage of the building integrated system was the reduced heat gain to the indoor 
building environment. Consequently space cooling load was reduced by approximately 
50%.  
 
2.2	 Analysis	of	PVT	collectors	
A significant portion of studies in the area of PVT collectors has been largely based on 
simulation work [24, 66-68]. Models may be used to approximate the output of a 
collector of various designs operating under different operating conditions making them a 
valuable tool for economic assessment. Modelling provides a means to investigate areas 
of interest and avoid the high cost and time consumed in setting up an experiment. This 
section will discuss the techniques used for the analysis of PVT collectors. The thermal 
and electrical aspects of the hybrid collector will be individually addressed.  
 
2.2.1	 Heat	transfer	analysis	
The thermal analysis of the PVT collector has typically been adapted from the one 
dimensional analysis of the traditional solar thermal collector, due their operational 
similarities. However, in order to take into account the effects of the photovoltaic 
component Florschuetz [69] in the late 1970’s proposed an extension to the original 
procedure developed by Hottel and Woertz [70], Whillier [71], and Hottel and Whillier 
[72]. The collector analysed by Florschuetz shown in Figure 12 is a typical single glazed 
sheet and tube collector with photovoltaic cells adhered to the absorber plate.  
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Temperature distribution in the direction of x for a traditional solar thermal collector 
operating under steady state conditions is calculated by solving the following second 
order ordinary differential equation: 
 2 2 1 ( )L ad T U T T Sdx k                  (1) 
Where k is the thermal conductivity of the absorber, δ is the absorber thickness, UL is the 
overall heat loss coefficient (W/m K), T is the local absorber temperature, and Ta is the 
ambient temperature. To take into account the electrical efficiency of the solar cell and its 
linear drop in conversion efficiency with temperature [73], Florschuetz replaced UL and S 
shown in Eq. (1) with modified expressions Eq. (2) and Eq. (3) respectively to give Eq. 
(4).  
L L ref ref
SU U  
                   (2) 
1 aS S 
                   (3) 
2
2
1 ( )L a
d T U T T S
dx k
                  (4) 
Where ηref is the photovoltaic conversion efficiency of the cell at reference conditions, ref 
is the temperature decay coefficient, and ηa is the photovoltaic conversion efficiency of 
the cell at ambient temperature. The one dimensional thermal analysis of solar collectors 
has been used extensively due to its simplicity and low computational burden in order to 
investigate a number of design issues.  
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shown in Figure 13 and Figure 14 was described by the authors to be a result of a the 
variation in pressure along the manifold.  
A mathematical model was developed in the study by Datta and Majumdar [77] in order 
to investigate the variation in pressure along the manifolds for a header/riser network 
operating under both parallel and reverse flow. Their analysis revealed that flow 
distribution was dependent on three parameters; 
a)  The ratio of total port areas to header area (AR = nd2/D2).  
b)  The friction parameter (F = 4f LD/nd2). 
c)  The discharge coefficient (Cd) for lateral flows.  
 
Where n is the number of risers or lateral branches, d is the riser diameter, D is the header 
diameter, f is the friction factor, and L is the header length.  
Based on a parametric study of the first two parameters Datta and Majumdar made the 
following conclusions:  
 
a)  The relative variation in lateral flow distribution increases with the ratio of total 
port areas to header area. 
b)  Reverse flow in the manifold resulted in the most uniform flow distribution in 
comparison to parallel flow.  
c)  In parallel and reverse flow manifolds, maximum branch flow occurs through the 
last and first ports respectively.    
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obtained from his fluid analysis, he then plotted the absorber temperature in two spatial 
co-ordinates demonstrating the large variation obtained due to the non-uniform flow. 
Consequently a degradation of thermal efficiency between 2-20% was calculated from the 
analysis when compared to the calculations performed when assuming uniform flow. 
Based on the results of his study, Chiou concluded that the effects of flow distribution 
should not be ignored in the analysis of solar thermal collectors.  
 
As opposed to the study of Chiou [76] which was based on numerical simulations, Wang 
and Wu [81] carried out a combined numerical and experimental study. Their study 
examined the flow and temperature distribution for an array of ten solar thermal 
collectors each consisting of 16 risers, giving a total of 160 risers. Additionally, the 
direction of flow travelling within the inlet and discharge manifolds was varied between 
parallel and reverse flow. The pattern of flow through each of the arrays was found to be 
different for parallel and reverse flow directions unlike the results of Datta and Majumdar 
[77] who reported similar variations in flow for both configurations. For the case of 
parallel flow, central risers received little flow, while outer risers operated under high 
flow rates. Consequently a temperature disparity of approximately 30 degrees Celsius 
was obtained between the two regions. For the case of reverse flow however, only risers 
closest to the inlet/discharge ports registered significant flow with riser flow rates 
progressively diminishing. Average thermal efficiencies from each of the arrays were 
found to be 58.5% and 44.5% for the parallel and reverse flow arrays respectively. From 
these results it was concluded that reverse flow in the manifold should be avoided. Again, 
these results contradict the results of Datta and Majumdar [77] which reported that flow 
distribution was improved with reverse flow in the manifolds.  
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In addition to the direction of flow in the manifolds, Jones and Lior [82] demonstrated 
that other factors will similarly influence the quality of flow distribution. By means of a 
numerical model, the following geometrical factors were varied;  
 
(i)  Ratio of the manifold pipe to fluid riser diameter,  
(ii)  Number of fluid risers, and  
(iii)  The length of fluid risers.  
 
Their results revealed that the ratio of manifold to riser pipe diameter was the most 
influential on flow uniformity. Furthermore, by reducing the length of the risers and 
increasing the number of risers, flow quality was found to diminish. Their study indicates 
that the shape of the array will have an impact on the flow distribution within a solar 
array.  
 
Acknowledging the multi-dimensional and transient nature of the solar thermal collector, 
a numerical model based on the finite volume approach was developed in Spain [83]. One 
of the objectives of their study was to examine the effect of mal-distribution of coolant 
flow. Figure 15 displays the results of a computational analysis performed for the 
absorber temperature operating under uniform and non-inform flow. For the case of 
uniform flow, riser outlet temperatures for each tube did not differ by more than 0.4 oC 
while for non-uniform flow a difference of over 20 oC was obtained. Their study 
highlighted the difference between the simplified modelling approach and what can 
actually be expected from a solar thermal collector.  
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The single diode, five parameter model is represented by Eq. (5) [91].  
 
0 1
s
th
V IR
nVs
ph
sh
V IRI I I e
R
   
        
    (5) 
Where I is the current (A), V is the voltage (V), Rs and Rsh are the series and shunt 
resistances respectively (Ω), Iph is the photogenerated current (A), I0 is the diode 
saturation current (A), n is the diode ideality factor, and Vth is the thermal voltage 
calculated by Eq. (2).  
 
B
th
k TV
q
       (6)  
 
Where kB is the Boltzmann constant (1.38065 x 10-23 J/K), T is the cell junction 
temperature (K), and q is the value of electron charge (1.6022 x 10-19 C). 
The five parameter model shown by Eq. (5) may be simplified by assuming the shunt 
resistance Rsh is infinite, eliminating the second term. This is known as the four parameter 
model. As only four parameters are necessary, it can be a fast and simple method to 
model a solar cell. This technique has been demonstrated to simulate the behaviour of a 
solar cell at conditions similar to STC with high accuracy [92]. A comparative study, 
however, revealed that over the full range of operating conditions, the five parameter 
model offered superior accuracy over the four parameter model [90]. Several studies have 
therefore adopted the five parameter approach [93-95].  
 
Modelling accuracy is, however, not only dependent on the type of model used, but also 
in the accurate calculation of the five modelling parameters required by Eq. (5) [91, 96, 
97].  
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Examination of Eq. (5) shows that current is a nonlinear implicit function of both current 
and voltage and must therefore be solved numerically for each voltage point along the I-V 
curve (i.e. from 0 to open circuit voltage). This can be computationally burdensome 
especially when analysing large systems operating under high voltages. An alternative to 
Eq. (5) has therefore been proposed which models the current equation as an explicit 
function of voltage using the Lambert W-function [98, 99]. 
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s sh s s sh
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     
                    
(7)
 
 
The Lambert W-function originated from the work of J.H. Lambert [100] and is defined 
by the solution of the equation We(W) = x. Although it is not often used in the modelling of 
electronic components, its properties have been well documented [101]. By using the 
Lambert W-function, the transcendental nature of Eq. (1) is transformed into explicit 
equation Eq. (7) which is a more computationally efficient method of calculating current. 
This is a particularly useful feature when analysing systems operating under mismatching 
and heterogeneous conditions such as partial shading [102, 103].  
 
The current-voltage behaviour of a solar cell is heavily dependent on the parameter values 
such as Rs, Rsh, and n found in Eq. (7) [104]. Their effect on the I-V curve and modelling 
accuracy is discussed in the proceeding section.  
 
34 
 
2.2.3.1 Effect of Rs, Rsh, and n on solar cell behaviour 
The performance characteristics of a typical solar cell will deviate from that of an ideal 
cell due to a number of factors. Two dominant factors are the series (Rs) and shunt 
resistances (Rsh). These resistances shown in Figure 16 are the electrical representations 
of energy losses within the solar cell. Each loss resistance value embodies losses due to 
several mechanisms.  
 
The value of series resistance is determined by a number of factors including the bulk 
resistance of the semiconductor material, the metallic contacts and interconnections, 
carrier transport through the top diffused layer, and contact resistance between the 
metallic contacts and semiconductor [105]. One study has demonstrated that daily 
thermal cycling of the modules installed outdoors will also result in a gradual rise in 
series resistance [106]. This phenomenon is particularly relevant to PVT collectors. By 
increasing the series resistance a reduction in the cell’s voltage output was obtained 
reducing both the fill factor and power output. The fill factor is a measure of the ‘square-
ness’ of the IV curve (refer to Figure 17), mathematically defined by the quotient 
ImpVmp/IscVoc. Ideally the fill factor of a solar cell should be equal to one, however in 
reality this is difficult to obtain. By increasing the series resistance value from 0.05 to 0.5 
ohms, the maximum power output (Pmax) was reduced by over 60% highlighting the 
detrimental impact of series resistance on the photovoltaic output of a silicon solar cell. 
The effect of increasing the series resistance on the I-V relationship is shown in Figure 
17.  
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Experimental work has been carried out previously while the cell is either illuminated or 
in the dark. Although simple to carry out, carrying out a test in the dark will not provide 
realistic values due to the unrealistic operating conditions [108].  
 
More recently Villalva et al. [91] proposed a method to calculate the resistance values by 
using data provided by the manufacturer. The primary advantage of this method is that no 
experimental work is needed. Their iterative procedure is based on the premise that a 
single combination of Rs and Rsh exists which will allow the mathematical model output 
to equal the experimentally obtained data published by the manufacturer. By first setting 
Rs to zero, an equation was produced for calculating the corresponding value of Rsh. The 
paired values for Rs and Rsh are then used in an equation to determine the value of Pmax. 
This value is compared to the data published by the manufacturer. If a mismatch exists, 
the value for Rs is incremented and the value for Rsh re-calculated and the process 
repeated until this disparity is minimised. An issue with this method, however, is that the 
diode ideality constant was arbitrarily chosen and no method was provided for its 
calculation.  
 
Similar to the method of Villalva et al., Carrero et al. [96] also justified the calculation of 
series and shunt resistance at maximum power point based on the assumption a 
photovoltaic system will operate while coupled with a maximum power point tracker 
(MPPT). The method proposed by Carrero is simple to implement and fast to carry out 
requiring only several iterations. Again however, the authors assumed the diode constant 
is uniform and equal to unity.  The influence of the diode constant on the resistance 
values was not considered.  
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In addition to these inherent characteristics of a solar cell, the behaviour of a solar cell is 
highly dependent on its environment. Temperature will have an effect on the current-
voltage curves similar to the parameters just discussed.  
2.2.3.2	The	effect	of	temperature	on	PV	output	
The electrical conversion efficiency of a typical solar cell lies in the range of 5 - 20% 
[16]. Theoretically, the remainder of the incidental radiation minus reflection losses is 
sunk into the cell as heat [15] increasing the operating temperature of the cell. An 
increase in operating temperature of the cell junction has been demonstrated by a number 
of studies to result in a reduction of cell performance [109-115]. Several parameters are 
affected by temperature [116], but the net effects are the changes which occur to the short 
circuit current (Isc), and open circuit voltage (Voc).  
 
The increase in short circuit current is a direct result of the reduction in bandgap, Eg. The 
bandgap has been shown to be a function of temperature defined by Eq. (8) [116]. 
 
 ( ) (300 ) 300gg g dEE T E K T KdT                  (8) 
 
For the case of silicon the decay of bandgap with temperature has been reported to be -2.3 
x 10-4 eV/K [117].  
 
The reduction in bandgap with rising temperature allows the absorption of additional 
photons which can penetrate the material, generate charge carriers and subsequently 
increase the short circuit current. The change, however, is marginal [4], e.g. for Silicon 
solar cells [105], 
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The significant effect of temperature rise is the reduction in open circuit voltage (Voc). 
The additional thermally generated electrons in the conductivity band and holes in the 
valence band cause an increase in the reverse saturation current thus reducing open circuit 
voltage. The decay of open circuit voltage is given by Eq. (10) below [116]:  
 
0( / ) ( ) 3g oc refoc B
ref
E q V TdV k
dT T q
                          (10) 
 
Substituting Tref = 300 K, Voc(Tref) = 0.55 V, and Eg0 = 1.12 eV values for a typical silicon 
solar cell, the derivative of open circuit voltage with temperature is calculated to be 
approximately -2.3 mV/K [116].  
 
The combined effect of a marginal increase in short circuit current and a linear drop in 
open circuit voltage is an overall drop in power and conversion efficiency. The traditional 
linear drop in conversion efficiency is given by Eq. (11) [73]. 
 
1 ( )
refc T ref c ref
T T                     (11) 
 
Where ηTref and ref are values typically provided by the manufacturer. An extensive 
review of power and efficiency correlations is provided in other work [118]. Additionally 
methods to approximate the operating temperature of the photovoltaic panel have been 
reviewed by the same author [119].  
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The negative influence of temperature on the performance of photovoltaic devices has 
been a principal cause for research into the development of the hybrid photovoltaic 
collector [4, 14, 15, 21, 22, 40, 120, 121]. However as discussed in section 2.3.2, the 
distribution of coolant will lead to a non-homogeneous array operating temperature. With 
each cell operating at different temperatures, losses in photovoltaic output will arise due 
to the issue of mismatching. This area will be discussed in the next section.  
 
2.2.3.3	Photovoltaic	mismatch	losses	
Various studies have revealed that the total yield of an array is less than the summation of 
each cell’s individual output [122]. This reduction in power output, often referred to as 
mismatch loss (or relative power loss, RPL [123]) occurs due to differences in the 
current-voltage characteristics of the constituent cells which form the series/parallel 
connected PV array [124]. As it is highly improbable that a module/array with cells 
identical in electrical characteristics will be manufactured; some degree of mismatch loss 
is to be expected in any practical installation. To minimise mismatch losses, classification 
and sorting of PV cells used to assemble a module with cells of similar characteristics is 
generally carried out by PV manufacturers. The importance of this manufacturing step 
was demonstrated in a study which found that mismatch losses could be reduced from 
11.2% to 6.1% through appropriate sorting and matching techniques [125]. Originally 
sorting was done based on the short circuit current of the cell; however, the work by Saha 
and Bhattacharya [124] argued that the sorting of the photovoltaic cells should be carried 
out based on the peak-power current (Imp) and fill factor (FF). In addition to the variations 
in electrical characteristics which arise from the manufacture of PV cells, differences will 
also arise from shading and cell damage [126, 127], and even from cell aging [128].   
 
The issue of shading, where cells of a PV array are not equally illuminated has been 
researched extensively [129-132]. Despite the current output from a solar cell being 
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linearly proportional to the amount of incidental radiation, array losses due to partial 
shading have been shown to increase non-linearly [133, 134]. Several methods have been 
investigated to decrease the effects of mismatch losses including the integration of bypass 
diodes, series/paralleling of cells within modules, and adjusting the shunt resistance of the 
solar cell.   
 
Discrete bypass diodes are often connected across cells or cell substrings to become 
forward-biased in the event of mismatch to prevent current limiting [135]. By doing so, 
power losses due to mismatches are reduced and the maximum power lost in any cell is 
limited to the power generated by the bypassed cells, thus avoiding hot spot formation 
[136-138]. Ideally a bypass diode should be installed across each cell; however. this is 
uneconomical and increases the time and complexity of the module fabrication process. 
Research into an integrated bypass diode within the cell structure has thus been carried 
out by the University of New South Wales to overcome these limitations [139-141]. By 
integrating the diodes, costs can potentially be reduced and module fabrication can be 
simplified. Roche et al. [142] performed an investigation to compare the performance of 
two arrays with 64 series-connected cells under shading. One array was fitted with 
integral bypass diodes (IBDs) and the other was not. The study involved varying the 
shading of a single cell, multiple columns and multiple rows of the array. It was found 
that IBDs offered the greatest protection in the case of a single cell being shaded.  The 
disadvantage with the bypass diode however is the additional cost and the marginal 
reduction in power output as a result of the diode integration. Green [139] estimates the 
additional cost of the IBD to be less than 5% of the total cell cost. The loss of active cell 
area with the integration of the diodes results in a power loss of less than 3% but this 
figure could be reduced with larger cell structures [139, 141]. 
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levels of series/paralleling exist that minimise both open and short circuit defects. 
Generally, however, losses due to open circuit defects are likely to exceed short circuit 
defect losses given the predominance of series over parallel connections. Another 
disadvantage of this method is the reduction in operating voltage and the high currents 
produced by the array as a result of paralleling but power conditioning can be employed 
to overcome this problem at additional system cost [142].  
 
As previously mentioned the shunt resistance is an inherent characteristic of a solar cell. 
Traditionally, shunt resistances are maximised by cell manufacturers in order to increase 
the fill factor and power point. However, current limiting, and hence mismatch loss 
problems arise as a result of these high shunt resistances when cells are connected in a 
series string [137, 138, 146]. A cell with a low shunt resistance is able to pass a higher 
current when in reverse bias in comparison to a cell with a higher shunt resistance. Under 
certain conditions, this has the effect of reducing power losses. In the study by Roche 
[142] where 36 cells were connected in series, the maximum power was obtained by the 
array with high shunt resistance under low shading. For the same array, however, power 
output rapidly declined with increasing shading levels. A performance gain due to 
shading, however, was partially counteracted by the reduced cell performance as a 
consequence of the lower shunt resistance. For a cell with a shunt resistance of 10Rsh, the 
power loss at zero shading was approximately 5%.  
 
The shunt resistance of a solar cell can be varied during manufacture using a technique 
known as edge isolation. The outer edge of a doped wafer is a region of high conductivity 
and forms the shunt path across the p-n junction which must be removed to maximise 
shunt resistance [147]. By controlling the amount of material used, the value of shunt 
resistance can be largely varied. Roche [142] suggested that bin sorting of cells based on 
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2.3	 Summary		
The studies discussed have demonstrated that a photovoltaic cell or a region behaving 
differently to the remainder of the array will have some effect on the total array yield. 
This has been thoroughly investigated for the case of partial shading as the current output 
from a cell is linearly proportional to the incidental radiation. However despite the similar 
relationship which exists between temperature and voltage, the effect of heterogeneous 
array operating temperature has received limited attention. For a traditional photovoltaic 
system it is reasonable to assume a homogeneous operating temperature given the basic 
assumption that the array is exposed to uniform sunlight and cooling. But for the case of a 
PVT collector a non-homogenous operating temperature is expected due to the non-
uniform distribution of coolant flow discussed earlier. In order to investigate this issue 
further a mathematical model which approximates the fluid flow, calculates the resultant 
absorber temperature, and finally determines the electrical yield of the array under the 
heterogeneous operating temperature would be valuable. Additionally, the method for 
calculating the values of solar cell modelling parameters could also be improved, since 
the existing methods have limitations, including the fact that the effect of varying the 
diode constant has not yet been thoroughly investigated.  
 
Therefore, the objectives of this thesis are to: 
 
• Develop a mathematical method to determine the modelling parameters of a 
photovoltaic cell with greater accuracy than current methods and experimentally 
validate it.  
• Develop a model of a PVT collector which considers the combined effects of 
fluid flow, heat transfer, and the electrical characteristics of the photovoltaic 
system.   
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• Investigate and quantify the effect of flow distribution on photovoltaic output of 
a PVT collector using the model developed.  
• Identify the parameters which will have greatest influence on the distribution of 
flow and collector output.  
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Chapter 3: Statistical analysis of factors affecting the flow characteristics and 
thermal efficiency of a building integrated thermal (BIT) solar collector 
 
Introduction	
The literature reviewed in Chapter 2 revealed that several parameters exist which will 
influence the quality of flow distribution through a traditional solar thermal collector. As 
a result of non-uniform flow through the fluid network, these studies have demonstrated 
that an uneven variation in absorber temperature will arise leading to a degradation in 
thermal efficiency due to heat losses. Previous studies however, have been limited to the 
case of conventional solar thermal collectors which are generally manufactured to fixed 
dimensions. In this study however, the building integrated solar collector is under 
investigation which is unique in comparison to traditional solar thermal collectors in the 
sense that it can be manufactured to various sizing in order to meet the individual 
requirements of the customer. As the dimension of the collector fluid array was identified 
as a parameter to significantly influence the quality of fluid flow in the previous section, 
this unique characteristic of the building integrated solar collector poses a potential 
concern. The consequence of non-uniform temperature across the absorber surface as a 
result of flow mal-distribution and its effect on photovoltaic performance has not been 
adequately investigated for this specific collector type. This investigation is the focus of 
this study.  
 
The aim of this chapter is to explore this issue considering the specific traits of the 
building integrated PVT collector by identifying the main and interaction effects of 
several parameters identified in previous research to have an effect of flow distribution in 
a solar collector, and to rank their influence. To achieve this aim, a method to quantify the 
flow rates through the fluid network and calculate the resultant absorber temperature has 
been developed. As a large number of variations are possible with respect to the geometry 
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and operational characteristics of a BIPVT collector, an experimental approach was not 
feasible for both economic reasons and time constraints. A computational approach was 
therefore applied to approximate fluid flow through the array using commercial finite 
element analysis (FEA) software. This approach permitted the exploration of numerous 
design variations in a short time frame.  A heat transfer analysis was then conducted 
which utilised the individual riser flow rates obtained from the fluid analysis. The method 
used to determine the fin efficiency of a BIT collector numerically using the finite 
difference approach is presented. This was carried out in order to take into account the 
irregular geometry of the BIT collector (i.e. in comparison to the classic fin). For each of 
the treatment combinations defined in the experiment design, the thermal efficiency was 
then found.  
 
The influence of four factors; (i) array geometry, (ii) the ratio of the manifold to fluid 
riser pipe diameters, (iii) direction of flow in the manifolds (i.e. parallel or reverse flow), 
and (iv) the mass flow rate on the thermal efficiency of a BIT were examined. A two 
level full factorial (2k) experiment was designed to identify all main and secondary 
interactions among the factors.  
 
An examination of the results was carried out by means of an analysis of variance 
(ANOVA). The results of the analysis demonstrated that the collector geometry does in 
fact have the greatest impact of the thermal efficiency of a BIT collector. Additionally 
this work identified two secondary interactions which will also have an impact of thermal 
efficiency at five per cent significance level. The identification of these secondary 
interactions has not been previously reported in the literature 
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The final goal of this thesis is to examine the effect of flow distribution on the 
photovoltaic output of a BIPVT collector. The work presented in this chapter is an 
important step to achieve this by first identifying and ranking the factors identified to 
influence flow distribution. To determine the photovoltaic output the fluid flow and 
operating temperature of the PV array must first be approximated. A method has been 
developed in this chapter to quantify the flow distribution and absorber temperature by 
means of a computational analysis. Furthermore the fin efficiency of the BIT collector of 
non-classical geometry was approximated using the finite difference method with greater 
accuracy over the traditional analytical analysis of a rectangular fin.  
 
This paper is currently under review with the journal of International Journal of Heat and 
Fluid Flow.  
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Abstract 
Previous research has identified four factors (array geometry, manifold to riser channel 
ratio, flow direction in manifold, and the mass flow rate) which will influence the 
distribution of coolant flow within a solar thermal collector. In this study, a two level full 
factorial (2k) experiment was designed in order to statistically rank their impact and also 
to identify any significant interactions between these factors. The thermal efficiency of 
the array, calculated by means of a fluid and heat transfer analysis was taken to be the 
experiment response. During the heat transfer analysis we approximated the fin efficiency 
of a BIT collector using the finite difference method which considered the heat losses 
through the structural ribs of the collector. A statistical analysis of the results revealed 
that all four main effects had a statistical influence on thermal efficiency of the array at 5 
per cent significance level.  The main effects ranked from highest to lowest in impact 
were found to be; geometry, manifold to riser fluid channel diameter, mass flow rate, and 
the direction of flow in the manifolds. Additionally, two secondary interactions were 
found to have a statistical influence on the experiment response; the array geometry and 
the direction of flow in the manifold followed by the array geometry and the ratio of 
manifold to fluid channel diameter. As the geometry of the BIT collector will vary from 
customer to customer due to its custom nature, these results indicate that the design of a 
BIT system should consider the effects of flow distribution. Finally, our numerical 
analysis of the fin efficiency revealed an approximate 5% drop due to additional heat 
losses through the structural ribs.  
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3.0 Introduction 
Conversion of solar energy is an attractive alternative to the use of fossil fuels. By 
harnessing the essentially inexhaustible supply of energy from the sun, we are able to 
reduce our dependence on fossil fuels and consequently the production of harmful carbon 
emissions. In addition to growing environmental concerns, seeking alternatives to oil, the 
supply of which is forecast to diminish significantly in the near future is also of interest to 
national security. Countries such as China, India, UK, and the USA are all net importers 
of energy and are heavily dependent on fuel imports [149]. Consequently, global effort is 
searching for means to enhance this field from both a technological and economic 
perspective.  
 
A number of methods currently exist in order to convert solar radiation into useful forms 
of energy such as heat and electricity. In this work, however, we are only concerned with 
the conversion of solar energy into thermal energy. Solar thermal technology has an 
extensive history where it has been primarily used for hot water and space heating 
applications. As hot water heating represents a significant portion of the typical 
household’s electricity consumption, the implementation of solar thermal collectors saw 
double digit annual growth in Australia and New Zealand over the 2008/2009 period 
[150]. Further adoption of this technology can be expected by reducing the cost of the 
system.  
 
A low-cost building integrated type solar thermal collector (Figure 1) henceforth referred 
to as a BIT collector is currently under development at the University of Waikato. Cost 
reductions with this collector type are achieved by replacing standard building 
components with solar conversion materials thereby reducing both material and 
installation redundancies [57]. The unglazed BIT collector is suitable for various low 
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uniformity. It was found in this study that the thermal efficiency deteriorated between 2 
and 20 per cent for the flow scenarios investigated. 
Another study also showed that the thermal performance of an array of solar thermal 
collectors will be influenced by distribution of coolant flow [81]. A combined numerical 
and experimental study was performed on the array of 10 series connected solar thermal 
collectors operating under parallel and reverse flow in the manifolds. For the case of 
parallel flow, fluid channel flow rates were found to be greatest near the inlet and outlet 
ports with little flow registered by the central risers. Consequently collectors near the 
inlet and outlet ports were substantially cooler than collectors located about the array 
centre. The pattern of flow distribution was different for the case of reverse flow in the 
manifolds. For this scenario, it was found that flow was greatest for fluid risers near the 
inlet/outlet port with a non-linear drop for the proceeding fluid risers. Such a flow pattern 
meant that the first few collectors operated substantially cooler than the remaining array. 
Similar results were obtained by the authors in an earlier study [153]. As the array 
operating under parallel flow was determined to operate with an average thermal 
efficiency 15% higher than the array operating under reverse flow, the authors 
recommended avoiding this fluid scheme.  
 
In addition to the direction of flow in the manifolds examined in the previous study Jones 
and Lior [82] examined other parameters and their effect on flow distribution. In their 
numerical study, the ratio of the manifold and fluid riser diameters, the number of risers, 
and the length of the risers were identified to have a significant influence on the flow 
distribution. Flow distribution was found to worsen if the ratio of the manifold to riser 
diameters and the riser length reduced and the number of fluid risers increased.  
Research conducted so far into the effect of flow distribution has been largely limited to 
traditional solar thermal technology. In this study we investigate this issue further by 
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examining the effects of array geometry, the manifold to riser diameter ratio, direction of 
flow in the manifold, and the mass flow rate on a BIT collector. A numerical approach is 
outlined in the proceeding sections where the fluid channels flow rates are quantified by 
carrying out a fluid analysis in a commercial FEA software package Autodesk Simulation 
Multi-physics®. In order to rank their severity and also to identify the presence of any 
interaction between main effects, a statistical analysis was performed on the results.    
 
3.1 Method 
An overview of the experimental method is provided in Figure 22. Details of the full 
factorial experiment design shall first be discussed in detail in section 3.2. For each of the 
treatment combinations (TC’s) defined in our experiment design, a numerical fluid 
analysis was performed using a commercial finite element analysis (FEA) software 
package. This step was performed in order to quantify the flow rate for each fluid channel 
of the BIT array. With each fluid channel flow rate calculated, the thermal efficiency for 
each module of the BIT array was determined via the heat transfer analysis outlined in 
section 2.3. In this section we also provide detailed steps in the numerical approximation 
of the BIT fin efficiency using the finite difference method which takes into consideration 
the unique design of BIT collector. 
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Figure 22 Overview of experiment method. 
 
3.2 Experiment design 
A two level full factorial (2k) experiment was conducted so that the main and interaction 
effects of the four factors discussed in Section 1.0 could be identified. This experimental 
design was chosen in order to characterise all the variables under consideration including 
higher order interactions [154]. One major limitation of the full factorial experiment is 
that the size of the experiment is a function of the number of factors being considered. 
However, as we are interested only in four factors (discussed in the previous section), the 
total number of experiments is acceptable. Indeed it is stated elsewhere that a 2k 
experiment is suitable when the number of factors is less than or equal to four [155]. 
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factor levels are given in Table 2. The proceeding sections will discuss the method 
employed to computationally calculate the response of the system (ηth). 
 
Table 2 Coded design matrix of experiment providing details of each of the 16 treatment 
combinations investigated.  
TC A B C D 
1 -1 -1 -1 -1 
2 1 -1 -1 -1 
3 -1 1 -1 -1 
4 1 1 -1 -1 
5 -1 -1 1 -1 
6 1 -1 1 -1 
7 -1 1 1 -1 
8 1 1 1 -1 
9 -1 -1 -1 1 
10 1 -1 -1 1 
11 -1 1 -1 1 
12 1 1 -1 1 
13 -1 -1 1 1 
14 1 -1 1 1 
15 -1 1 1 1 
16 1 1 1 1 
 
3.3 Fluid Analysis 
A 2D planar analysis was performed using Autodesk Simulation Multi-physics to 
calculate the fluid velocities through each of the fluid channels of the BIT array. For our 
investigation, water was assumed to be the heat exchange fluid being actively circulated 
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through the BIT array. As the water is being pumped through the collector, the effects of 
buoyancy were therefore neglected.  
 
Modelling only the fluid network, the mesh was generated automatically using four node 
quadrilateral elements operating under the Newtonian viscosity model. Two boundary 
conditions were specified for our simulation; a surface prescribed velocity at the inlet port 
of the fluid array which dictated the mass flow rate, and a free surface prescribed at the 
outlet port face (refer to Error! Reference source not found.). Fluid velocity, V at the 
inlet port was calculated using Eq. (12).  
m AV           (12) 
Where m is the desired mass flow rate (Factor D), A is the manifold area (m2), and ρ is the 
density of water (kg/m3).  
The location of the outlet port for the array under study (Figure 25) was dependent on 
whether parallel or reverse flow direction was being analysed as directed by Table 2.  
 
Figure 25 Diagram depicting the difference in flow connections of a header riser flow 
network for a parallel flow array (left) and a reverse flow array (right) [153]. 
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Sixteen fluid simulations were conducted according to the treatment combinations listed 
in Table 2. For each simulation the fluid channel flow rates were taken and used for the 
heat transfer analysis.  
 
3.4 Heat transfer analysis 
Each treatment factor investigated in the previous section will result in a unique variation 
in absorber temperature due to the corresponding variation in fluid flow. The aim of our 
heat transfer analysis is to determine the thermal efficiency of each module in the BIT 
array followed by the calculation of the mean module thermal efficiency for each 
treatment factor. The absorber temperature distribution is calculated using Eq. (13) [7]. 
 
)/(
2/)(cosh
cosh)/)((
),( La
Lab UST
DWm
mxUSTyT
yxT 
      
(13) 
Where Tb is the bond temperature, Ta is the ambient temperature, S is absorbed radiation 
(W/m2), x represents an arbitrary distance perpendicular to fluid flow, W is the distance 
between tubes (m), D is the riser tube diameter (m), and UL is the overall heat loss 
coefficient of the collector (W/m2 K). The overall heat loss co-efficient for our unglazed 
collector was taken to be a constant value of 22 W/m2 K [74] in our study. Variable M is 
calculated using Eq. (14). 
LUM
k      (14) 
Where k is the thermal conductivity of the absorber material, and δ is the absorber plate 
thickness (m).  
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In order to solve Eq. (13), we must first calculate the bond temperature, Tb using Eq. (15) 
[7]. 
 
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b 
             (15) 
Where Tf(y) is the temperature of fluid circulating through the collector, F' is the collector 
efficiency factor, and hfi is the convective heat transfer coefficient. The fluid temperature 
will vary in the direction of flow and is therefore a function of y (m). The collector 
efficiency factor is calculated by [7]. 
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Calculation of the collector efficiency factor requires the fin efficiency value F. 
Traditionally this value is determined by carrying out a classical fin analysis on the solar 
thermal absorber which is assumed to be a fin of rectangular cross section. Given the 
simple geometry of the classic fin, F is calculated by an analytical expression. However 
due to the structural ribs required to stiffen the building integrated collector as shown by 
Figure 26, such an analysis may lead to non-negligible error. To quantify this variation, 
the finite difference method was applied to calculate the temperature distribution and fin 
efficiency for a simplified version of the BIT collector under study.  
 
3.4.1 Numerical calculation of fin efficiency 
Geometry of the BIT collector for which the temperature distribution is to be calculated is 
shown in the bottom of Figure 26. As the collector is made from 2mm thick aluminium, a 
one dimensional steady state analysis was deemed sufficient for this investigation (as is 
the common practice in assessing fin performance [156]).  
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3.4.2.5 Calculation of the overall heat loss coefficient 
In the analysis of solar thermal systems, it is useful to represent heat losses from the 
collector to its surroundings using an overall heat loss coefficient UL in order to simplify 
the mathematics behind the analysis. The overall heat loss coefficient is the summation of 
heat losses experienced from the collector’s top, edges, and bottom surfaces [7].  
 
Given the unique design of the collector under study were it is integrated directly into the 
building envelope without a top cover, the procedure for calculating UL will vary 
somewhat from that of a traditional solar thermal collector. Anderson et al. [74] 
determined the overall heat loss coefficient to be 22 W/m2 K for an unglazed building 
integrated PVT collector very similar to the one considered in this study. This value was 
obtained considering that the building integrated collector is installed above an air-filled, 
triangular, enclosed attic in which the trapped air essentially acted as a layer of insulation. 
The value calculated for UL obtained Anderson et al. was used for our study. 
 
3.4.3 Calculation of temperature distribution T(x) 
For N nodes, an N number of finite difference equations were developed based on the 
control volume analysis discussed in previous sections in order to determine N unknown 
temperatures. Finite difference equations presented in sections 2.11, 2.12, 2.13, and 2.14 
were modified to fit the following matrix equation format [158]: 
A X=b      (26) 
Where A is a sparse-type matrix consisting of the unknown temperature coefficients, X is 
the vector of unknown temperatures to be found, and b is a vector of the corresponding 
constant terms for each control volume.  
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Using Matlab® software, matrix A and vector b were compiled using the finite difference 
equations previously discussed. The linear system of N equations was solved using 
Gaussian Elimination to obtain vector X of unknown temperatures. A comparison of the 
temperature distribution is made in Figure 32 between the BIT collector and a traditional 
flat plate collector. We can see at x = 0, the temperature of the BIT collector is somewhat 
lower due to additional heat losses through the ribs. Based on these results we can expect 
a reduction in the fin efficiency value of the BIT collector.   
 
 
Figure 32 Temperature distribution for the BIT collector along the fin compared with the 
temperature distribution of a standard flat plate collector. Both sets of data were 
calculated numerically using the finite difference method. 
 
3.4.4 Calculation of fin efficiency F 
The fin efficiency for a straight fin with a rectangular profile under uniform radiation is 
calculated using Eq. (27). This equation is typically used for the analysis of the traditional 
flat plate solar thermal collector.  
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The calculation of the fin efficiency value depends on the boundary condition at the fin 
tip and the geometry of the fin. Eq. (27) assumes a straight, rectangular geometry and 
hence would not yield an accurate value for the BIT collector fin which must, therefore, 
be calculated numerically. The fin efficiency is defined as the ratio of the heat transfer 
away from the actual fin to the heat transfer away from an ideal fin [157]).  
The energy conducted to the region of the fluid riser can be determined using Fourier’s 
law. Using Eq. (28) below, the finite difference method is used to calculate conduction 
heat transfer through the fin above the riser. Where TN represents the temperature of node 
N (at fluid riser) and TN-1 is the temperature of the adjacent node.  
' 1
( )
2
N N
fin
W Dx
T TdTq k k
dx x
  

           (28)  
The value obtained using Eq. (28) was multiplied by two as the value obtained represents 
conduction from one side of the riser tube only. The heat transfer value for the ideal fin 
was numerically calculated by setting the thermal conductivity of the fin to infinity.  
'
'
fin
BIT
ideal
q
F
q
                  (29) 
Inspecting Figure 32 we can see that the fin edge temperature for the BIT collector is 
lower compared to the values obtained using Eq. (1) due to conduction losses through the 
structural ribs. For the BIT collector, we numerically determined the fin efficiencies to be 
0.88 while the fin efficiency for a traditional flat plate collector of equivalent 
characteristics was found to be 0.93, which represents a 5.2% drop in fin efficiency.   
 
3.4.5 Module efficiency calculation 
Fluid temperature for each riser, Tf(y) needed for Eq. (15) is calculated by Eq. (30) [7].   
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The process of calculating the absorber temperature, T(x, y) begins by initially estimating 
a value for the mean fluid temperature (Tfm) so that fluid properties such as viscosity (µf), 
thermal conductivity (k) and Prandtl number (Pr) can be interpolated from tabulated data. 
The mean fluid temperature (Tfm) is calculated by Eq. (31). 
2
fifo
fm
TT
T
             (31) 
Where Tfo and Tfi represent the values of outlet and inlet fluid temperature respectively. In 
our study, the inlet fluid temperature, Tfi was kept constant at 20 °C. The outlet fluid 
temperature is found using Eq. (15) with y set to the length of the absorber.  
 
Using the riser mass flow rates determined in our fluid flow analysis, the Reynolds 
number (ReD) was calculated using Eq. (17) with the assumption that flow was steady and 
incompressible and within a pipe of uniform cross sectional area [7].  
D
m
D
4Re                                                                (32) 
Where D is the diameter of riser pipe and µ is fluid viscosity. For values of ReD < 2300, 
flow was considered laminar and fully developed. Conservative heat transfer coefficient 
values was calculated by making the constant wall temperature assumption [7]. Here, the 
Nusselt number (Nu) was taken to be 3.66 [159]. The convective heat transfer coefficient 
(hfi) of fluid circulating in the riser may then be calculated by re-arranging Eq. (33). 
K
Dh
Nu fi                           (33) 
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Once the convective heat transfer coefficient, hfi was found, the fin efficiency factor, F' 
and fluid temperature, Tf(y) were calculated. With the new value of outlet fluid 
temperature found, the new value for mean fluid temperature, Tfm,i+1 was calculated using 
Eq. (16) and compared to the previous value of Tfm,i. The process of calculating F’ and Tfo 
was repeated until the error in subsequent iterations was within a user specified tolerance. 
Final values of F' and Tf were then used to calculate the bond temperature (Tb) and 
absorber temperature (T) using Eq. (6) and Eq. (4) respectively. This process was 
repeated in Matlab for each of the 16 treatment combinations.  
Finally once Tfo was found, the useful energy gain, Qu was calculated using Eq. (34) 
( )u p fo fiQ mC T T       (34) 
Where m is the riser mass flow rate (calculated from our fluid analysis), and Cp is the 
specific heat of water (kJ/kg K). The thermal efficiency (ηth) can now be calculated using 
Eq. (35) for each module. All module efficiency values were then averaged to give the 
final array response.  
u
th
c
Q
GA
                (35) 
3.5 Results and Discussion 
The thermal efficiency values for each treatment combination are presented in Table 3 
along with the levels for each factor. The objective of our analysis was to determine the 
ranking of the main effects and identify any significant secondary interactions. To 
achieve this aim a statistical analysis was carried out on the data presented in Table 3. An 
analysis of variance (ANOVA) study was carried out using Minitab 16 software.  
Table 3 Response values (thermal efficiency of array) for each treatment combination 
investigated. 
TC A B C D Response 
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1 -1 -1 -1 -1 0.1007 
2 1 -1 -1 -1 0.2016 
3 -1 1 -1 -1 0.332 
4 1 1 -1 -1 0.3557 
5 -1 -1 1 -1 0.1604 
6 1 -1 1 -1 0.2861 
7 -1 1 1 -1 0.3381 
8 1 1 1 -1 0.356 
9 -1 -1 -1 1 0.1262 
10 1 -1 -1 1 0.2507 
11 -1 1 -1 1 0.3756 
12 1 1 -1 1 0.3906 
13 -1 -1 1 1 0.2757 
14 1 -1 1 1 0.3259 
15 -1 1 1 1 0.3795 
16 1 1 1 1 0.3908 
 
Figure 33 illustrates the Pareto plot [154] of main effects and secondary interactions. 
Higher order interactions were found to be insignificant and systematically removed in 
our study. The graph shows that all four main effects are significant at the 5 per cent 
significance level (i.e. α = 0.05). Geometry of the array was shown to have greatest effect 
on the thermal efficiency followed by the manifold to riser ratio, mass flow rate, and the 
direction of flow in the manifolds. Interestingly we can see that in addition to the main 
effects, there is a strong interaction between the array geometry (Factor B) and the 
direction of flow in the manifold (Factor C), and also between the manifold to riser ratio 
(Factor A) and array geometry (Factor C). These results identify the need in the 
appropriate selection of the manifold to riser channel ratio and the direction of flow in the 
manifolds for a BIT collector of specified geometry.  
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array geometry will have the strongest influence, followed by the manifold to riser 
channel ratio, mass flow rate, and lastly the direction of flow in the manifold (i.e. parallel 
or reverse flow). Two secondary interactions were also found to be statistically significant 
at 5 per cent significance level. The array geometry and direction of flow in the manifold 
followed by the array geometry and the manifold to riser channel ratio interactions will 
both affect the thermal yield of a BIT collector.  
The authors believe the research presented is valuable to those responsible in the design 
of BIT systems.  
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Chapter 4: Numerical determination of parasitic resistances of a solar cell 
using the Lambert W-function 
4.0	 Introduction	
Chapter three demonstrated that several parameters which are expected to vary 
considerably for the case of building integrated solar collector, will have a statistically 
proven influence over its thermal performance. As this chapter only examined fluid flow 
and heat transfer, further work is necessary to understand what effect flow mal-
distribution will have on the photovoltaic output due to the negative impact of 
temperature for the building integrated PVT collector. Similar to the methodology applied 
in the previous chapter, a number of scenarios must be investigated to examine how 
influential this issue will be on photovoltaic output for a building integrated solar 
collector. An experimental investigation was therefore not feasible, consequently a 
mathematical approach must be employed. A mathematical model of the photovoltaic 
system which captured the effect of temperature was therefore developed and added to 
the model created in the previous chapter.   
 
Chapter 2 outlined the procedure commonly utilised to simulate the non-linear behaviour 
of a crystalline silicon solar cell.  It was discussed that the accuracy of a photovoltaic 
model is heavily dependent on parameter selection. For the popular single diode five 
parameter model which shall implemented in this study, five parameters (Rs, Rsh, n, I0, Iph) 
in total must be found. A number of methods currently exist to achieve this task as 
discussed in Chapter 2 ranging in complexity and accuracy. In this chapter a unique 
method for calculating two of these parameters is presented.  
 
The method presented here for calculating two parameter values, Rs and Rsh, is based on 
matching the mathematical output of the single diode equation with data provided by the 
manufacturer. This is achieved by using a multi-dimensional version of the Newton-
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Raphson method and equations which express the current-voltage characteristics of a 
solar cell using the Lambert W-function.  
 
Validation of the method was carried out by comparing the values obtained with this 
method against values published in the literature. Additionally two other published 
methods were used to calculate the resistance values for comparison. Values were found 
to be calculated with much higher accuracy using this method and unlike other methods, 
the values for Rs and Rsh were found to approach final values in a rapid and convergent 
manner. Additionally the method can be employed using only data provided by the 
manufacturer, therefore avoiding the need of expensive electrical equipment used for 
acquiring the characteristics current-voltage curve of the device under study.  
 
Research carried out in this chapter provided a necessary step into the development of the 
mathematical model used to quantify the photovoltaic output of a BIPVT collector. This 
model can then be applied for the analysis of non-uniform flow distribution conditions.   
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Chapter 5: Numerical calculation of series and shunt resistance of a 
photovoltaic cell using the Lambert W-function: Experimental evaluation 
 
5.0	 Introduction	
The method presented in Chapter 4 to determine the values of series and shunt resistances 
was validated by comparing the calculated values of two cells against data published in 
previous studies. These values are mandatory inputs for modelling the electrical 
behaviour of a solar cell. This chapter describes the experimental investigation performed 
to further validate the numerical method. Current-voltage curves for a single multi-
crystalline cell were obtained while under varying levels of outdoor illumination in 
Hamilton, New Zealand. From these current-voltage curves, data typically provided by 
the manufacturer of a solar cell/module were extracted; (i) the short circuit current (Isc), 
(ii) the open circuit voltage (Voc), (iii) current at MPP (Imp), and (iv) voltage at MPP (Vmp). 
This data was obtained by using a precise National Instrument source measuring unit 
which is (model NI-SMU-4130) able to measure the current response from the cell under 
varying loads. 
 
Using the experimentally acquired data, the method described in Chapter 4 along with 
two other published methods was used to determine the values of series and shunt 
resistances. These values were then applied to the explicit current-voltage equation to 
obtain simulated current-voltage curves and compared to the original experimental 
curves.  
 
A root mean square error analysis was conducted to compare the accuracy of each of the 
three methods investigated. The analysis revealed that the method described in Chapter 4 
provided the closest match with the experimental Pmax value and also that error between 
simulated and experimental data over the entire current-voltage curves was minimised 
over two existing methods.  
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Based on the results obtained from this research work, the method developed to calculate 
the values of series and shunt resistances could be confidently applied to further work 
investigating the effect of flow distribution and its effect on photovoltaic performance 
within a BIPVT collector.  
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Chapter 6: Numerical calculation of series and shunt resistances and diode 
quality factor of a photovoltaic cell using the Lambert W-function 
6.0	 Introduction	
Previous research work has been focused on the development of a novel method to 
determine the series and shunt resistance values of a crystalline silicon cell. These two 
parameter values are necessary to accurately model the electrical behaviour of a 
photovoltaic cell and are therefore needed for the final goal of creating a model of a 
building integrated solar collector which examines the effect of flow mal-distribution on 
photovoltaic performance. The novel method outlined in Chapter 4 however was initially 
validated by calculating resistance values for two cells (blue and grey types) and 
comparing calculated values with published values. It was shown that the method 
produced values matching those published, additionally it was demonstrated that it 
offered greater accuracy over two other recently published methods. Chapter 5 discussed 
the work carried out to further validate this method by experimental means. Complete 
current-voltage data for a crystalline silicon cell (the predominant cell type today) were 
measured while exposed to varying levels of irradiance in Hamilton, New Zealand. 
Extracting the data that is typically provided by the manufacturer from this data (i.e. Imp, 
Vmp, Isc, and Voc), the values for Rs and Rsh were calculated and used to generate current-
voltage data using the single diode, five parameter equation. The simulated current-
voltage data was then compared to the original experimental data.   
 
Examination of the combined experimental and simulated data revealed that a growing 
disparity between the method described in Chapter 4 and experimental data would occur 
moving away from the maximum power point. By means of a sensitivity analysis, it was 
found that by adjusting the diode constant value n, this disparity could be reduced thereby 
improving modelling accuracy. A modification to the original algorithm presented in 
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Chapter 5 was therefore made so that the diode constant could also be evaluated from 
data provided by the manufacturer. 
 
Initially the algorithm assumes the diode constant is equal to one. Based on this value, the 
values for Rs and Rsh are then calculated using the method described in Chapter 4. The 
current-voltage curve is then generated for a voltage vector between 0 V and Voc from 
which the fill factor (FF) is calculated. The modelled FF is compared to the fill factor 
provided by the manufacturer. If an error is present, the diode constant value is 
incremented and the process is repeated until the error falls below a specified threshold. 
  
To validate this new method, the experimental procedure outlined in Chapter 5 was again 
applied to compare the simulated data against experimental data. For comparative 
purpose, the proposed algorithm was again compared against the method described in 
Chapter 4 and another published method. It was found that the modified algorithm was 
able to substantially improve modelling accuracy calculated based on a root mean square 
error analysis.  
 
This method permits the calculation of three parameters: Rs, Rsh, and n, all of which are 
needed for the final mathematical model used to calculate the total yield of a PV system 
operating under heterogeneous operating temperature which shall be discussed. The 
improved performance obtained in the calculation of the third parameter (n) will 
consequently improve the performance of the final model which is to be developed in this 
study.   
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Chapter 7: Effect of flow distribution on the photovoltaic performance of a 
building integrated photovoltaic/thermal (BIPVT) collector 
7.0	 Introduction	
Combining the results from Chapters 3 to 6, a numerical investigation was performed to 
analyse the effect of flow distribution on the photovoltaic yield of a BIPVT collector. The 
four factors examined in Chapter 3 were again varied as the results indicated that 
influences of all four factors were statistically significant to flow distribution. A three-
step analysis consisting of a fluid analysis, a heat transfer analysis, and a photovoltaic 
system analysis was executed. The finite element method was again used to quantify the 
flow rates through each riser; however for this investigation, nine array geometries were 
investigated (as opposed to only two) given its significant impact on flow distribution.  
 
The significant addition to this investigation in comparison to the study presented in 
Chapter 3 is the photovoltaic system model. The model generated incorporates the 
research conducted into the photovoltaic system parameter calculation discussed in 
Chapters 4 through to 6. By applying Kirchhoff’s current and voltage laws, the system of 
non-linear equations was solved using numerical methods such that the individual 
operating temperature of each cell in the array was taken into consideration. All 
programming was performed using Matlab software.   
 
Results indicated that flow distribution will have a strong influence on the photovoltaic 
output of a BIPVT collector. For the case where flow distribution was poorest, 
photovoltaic output was improved by only 2% over a traditional photovoltaic system with 
no cooling. However for the case where flow distribution was optimal, photovoltaic 
output was improved by over 9%. If the issue of flow distribution is not appropriately 
addressed, the theoretical improvement in electric output from the photovoltaic system as 
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a result of cooling may be minimal. Such a scenario would not justify the additional costs 
and complexity associated with the implementation of the active heat recovery system.  
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Chapter 8: Estimation of photovoltaic conversion efficiency of a building 
integrated photovoltaic/thermal (BIPVT) collector array using an artificial 
neural network 
 
8.0	 Introduction	
The research goal of this thesis was to develop a model of a BIPVT collector which could 
be utilised to assess the effect of flow distribution on photovoltaic yield. This objective 
was met in the Chapter 7; however it could not be used by non-technical personnel. 
Research presented here has shown that a simpler method can be implemented to ensure 
the effect of flow distribution can be practically considered by the manufacturer of 
building integrated solar technology.  
 
The feed forward multi-layer perceptron neural network was trained in this work using 
the back propagation learning algorithm in Matlab. Training data was obtained using the 
method presented in Chapter 7. It was found in this work that a neural network can be 
adequately trained to learn the relationship between the specified inputs and desired 
outputs. Once trained the neural network is fast and simple to use and has the ability to 
interpolate values within the original training set. This permits the effects of flow 
distribution to be factored into the calculation of photovoltaic output for a BIPVT 
installation with minimal complexity.  
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Chapter 9: Summary and Conclusions 
9.1	 Introduction	
It is generally assumed during the analysis of a traditional solar thermal collector that the 
heat exchange fluid is uniformly distributed. This simplification to the model 
consequently assumes a homogeneous temperature distribution over the absorber surface. 
Several studies discussed in Chapter 2, however, have demonstrated that this assumption 
is not entirely accurate and that the quality of flow distribution is dependent on several 
factors. The consequence of non-uniform flow through a solar thermal collector is that the 
warmer regions of the absorber (i.e. areas under reduced flow) are subject to greater heat 
losses to the ambient and therefore operate under reduced thermal efficiency. For a flat 
plate solar thermal collector used in domestic hot water application, the net impact of 
non-uniform flow is not severe. Therefore for the analysis of these collectors this 
assumption and the significant simplification it brings to the modelling process is 
commonly applied. 
 
 The hybrid PVT collector on the other hand, which incorporates photovoltaic cells has 
been shown to be temperature sensitive. Given the manner in which photovoltaic cells 
must be electrically connected so that their electrical output can be combined, the effect 
of non-uniform temperature has been demonstrated to have a much greater impact on the 
output of the collector. As the development of the PVT collector is still in its infancy 
relative to traditional solar thermal technology, this issue has not been sufficiently 
examined.  
 
In order to investigate this issue further, a numerical model was developed to calculate 
the electrical output of the photovoltaic array which considered the variation in fluid flow 
137 
 
through a header/riser type fluid network and the resultant temperature of absorber. Using 
this model, a number of factors were investigated which considered the unique aspects of 
the building integrated PVT collector, such as the shape of the array and the direction of 
flow in the manifolds. This analysis provided several key findings. By examining the 
effect of a number of parameters such as the array geometry, mass flow rate, the ratio of 
the manifold to fluid channel diameters, and the direction of flow relative to the 
manifolds on the output of a PVT collector, it was possible to rank their statistical 
significance and identify two secondary interactions.  
 
First, array geometry and two secondary interactions were shown to have statistically 
significant effects on the flow distribution and thermal performance of a building 
integrated collector. By using the finite difference method it was also shown that the fin 
efficiency was reduced by 5 per cent due to additional losses through the structural ribs of 
the collector in comparison to the value obtained using the classical fin approach. The 
second key finding was the development of a new method to determine the modelling 
parameters of a solar cell based on data provided by the manufacturer. Finally by 
integrating the fluid, heat transfer, and photovoltaic system analyses, a model was 
developed to quantify the photovoltaic yield of a BIPVT array of various designs which 
considered the detrimental impact of flow distribution. Each finding will be discussed in 
the proceeding sections.  
 
9.2	 Analysis	of	factors	affecting	flow	distribution	
Results from Chapter 3 indicated that the geometry of a solar collector will have the 
greatest impact on flow distribution based on a statistical analysis which examined a total 
of four factors (array shape, manifold to fluid channel pipe ratio, flow direction in 
manifolds and mass flow rate). Furthermore as a result of a two level full factorial 
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analysis, two secondary interactions were additionally identified which influence flow 
distribution and thermal output of a building integrated thermal collector. The interactions 
between array geometry and the direction of flow in the manifolds, and the array 
geometry and the ratio of manifold to fluid channel ratio were shown to impact thermal 
output. Although the numerical approach used by Jones and Lior [82] identified that the 
number and length of the risers will have an influence on flow distribution, the issue of 
geometry was not emphasised due to the minor variation in conventional solar thermal 
collector geometry. Furthermore previous studies did not identify any secondary 
interactions among factors investigated.  
As the building integrated solar collector will be a made-to-measure product its geometry 
will be highly variable so that the individual customer’s needs are met. Research 
conducted in this study has shown that geometry and its interaction with two other 
parameters will influence the quality of flow throughout the fluid network consequently 
the issue of flow distribution is of greater concern in comparison to conventional solar 
thermal technology.  
 
9.3	 Calculation	of	solar	cell	modelling	parameters	
Presently, several methods are available to determine the modelling parameters of a solar 
cell required for photovoltaic system modelling. A unique method has been developed in 
this research based on the multi-dimensional Newton-Raphson method which was 
experimentally shown to reduce modelling error over existing methods.  
Originally a method was developed to determine the values of series (Rs) and shunt 
resistance (Rsh) based on data provided by the manufacturer at maximum power point. 
Initially this method was compared against values published by Charles et al. and 
compared against two alternative methods. It was shown that the method proposed in 
Chapter 4 matched the previously published values with the greatest accuracy. In order to 
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further validate this method, a precise source measuring unit was used to experimentally 
acquire the current-voltage data of a single multi-crystalline cell exposed to varying 
levels of natural sunlight in Chapter 5. Simulated current-voltage data was then generated 
using resistance values calculated using three methods and the method proposed in 
Chapter 4. This analysis demonstrated that at maximum power point (MPP), greatest 
accuracy was obtained using the proposed method. Using a root mean square error 
analysis, it was shown that the method offers greatest accuracy over the entire voltage 
vector (i.e.0 < V < Voc).  
 
Closely examining the combined experimental and simulated current-voltage data, a 
growing disparity was identified moving away from MPP. Investigating this issue further, 
it was found that by adjusting the diode constant value this disparity could be reduced 
thereby improving modelling accuracy. A modification to the original algorithm used to 
calculate Rs and Rsh was made in Chapter 6 so that it could also calculate the diode 
constant value, n. This method was experimentally shown to further reduce modelling 
error over existing techniques. At 1000 W/m2 of illumination for example, root mean 
square error was reduced from 0.0101 to 0.0038. 
 
The method to determine modelling parameters in this thesis has the advantages that it 
offers improved modelling accuracy when compared against two other recently published 
methods. By employing numerical methods which limit the number of assumptions and 
simplifications in the analysis, improved accuracy is obtained over the analytical 
approach. Furthermore, it also only requires data provided by the manufacturer at 
standard test conditions.  
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9.4	 The	effect	of	flow	distribution	on	the	photovoltaic	output		
By combining the fluid and heat transfer analysis conducted in Chapter 3 with the 
photovoltaic system modelling method outlined in Chapters 4 to 6, a complete model was 
developed to calculate photovoltaic output for a BIPVT collector operating under 
heterogeneous temperature as a result of flow mal-distribution. Using this model, a 
number of scenarios were investigated examining the effect of flow distribution on the 
photovoltaic output of a BIPVT array. Changes were made to the manifold to fluid 
channel pipe ratio, array geometry, flow direction in manifolds, and the mass flow rate. 
For the case where flow uniformity was poorest, it was found that only a 2 % 
improvement in PV output is made over a traditional photovoltaic panel with no cooling. 
However a 10 % improvement was obtained where flow uniformity was optimal. 
Therefore by appropriately addressing the issue of flow distribution, the photovoltaic 
yield can be improved.  
 
Current methods typically adopt the approach used by conventional solar thermal 
technology which makes the assumption that flow throughout the collector is uniform. 
Such an assumption could lead to misleading results and an over estimation of the 
photovoltaic output of a system. Current literature in this field of BIPVT collector 
technology has not adequately addressed this issue. The model presented in this thesis 
may be used to approximate the photovoltaic yield of a BIPVT array with greater 
accuracy by considering the effects of flow mal-distribution. Results presented in Chapter 
7 revealed that if the issue of flow distribution is not appropriately addressed, 
photovoltaic yield may be reduced by up to 10%. If flow distribution is assumed uniform 
as typically carried out at present, this disparity between model and actual outputs would 
lead to reduced power generation and inaccurate economic forecasts. Implementing the 
steps carried out in this study can reduce this error. 
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9.5	 Conclusions	
Harnessing energy from the sun is an active area of research and development driven 
primarily by the science of climate change science and the desire for energy 
independence. The successful implementation of solar technologies, such as the building 
integrated PVT collector however must address a number of technical and economic 
issues. This particular collector offers a number of advantages over conventional solar 
technologies such as; 
 
1. Improved electrical output as a result of cooling.  
2. Greater energy yield per unit area of roofing.  
3. Improved architectural uniformity.  
 
Despite these advantages, the market penetration of this collector type is minimal to date. 
Economic justification is mandatory for any capital expenditure, therefore a detailed 
model is necessary to forecast the approximate energy yield from an array of specified 
size. The PVT collector is unique in comparison to traditional solar thermal and 
photovoltaic collectors in the sense that the thermal and photovoltaic outputs are linked. 
This link however has not been explored in sufficient detail which runs the risk of 
possible overestimation in energy yield.   
 
In this study a model has been developed which couples fluid flow, heat transfer, and 
photovoltaic conversion in order to quantify the photovoltaic output of a BIPVT collector 
which considers the effects of flow distribution. During the development of this model, it 
was shown that: 
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• Four factors have a statistical impact on flow distribution; Array shape, the manifold to 
fluid channel pipe ratio, the direction of flow in the manifold and the mass flow rate. 
Array geometry was to have the greatest statistical effect on flow distribution and thermal 
output of a building integrated solar collector. 
• Two secondary interactions were identified to influence the quality of flow distribution; 
(i) array geometry and the ratio of the manifold to fluid channel, and (ii) array geometry 
and the flow direction in the manifolds.  
• By conducting a numerical analysis of the building integrated collector using the finite 
difference method, fin efficiency was shown to be 5% less than a traditional rectangular 
fin and tube absorber design.  
• Photovoltaic cell modelling parameters Rs, Rsh, and n can be modelled using the multi-
dimensional version of the Newton-Raphson method and current-voltage equations 
expressed using Lambert W-function in comparison to other current methods. It was 
demonstrated both theoretically and experimentally that the proposed method offers an 
improvement to modelling accuracy and can be implemented using data provided by the 
manufacturer.  
The model was then used to demonstrate the reduction in photovoltaic yield as a result of 
the flow distribution phenomenon. As the geometry of the building integrated collector 
will vary considerably, the assumption of uniform flow throughout the fluid network as 
currently employed may lead to a significant overestimation of the photovoltaic output. 
The model presented here can be used to address this issue to assist in the successful 
implementation of this promising technology.   
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9.6		 Scope	of	research	and	future	work		
The analysis conducted here was limited to the header riser fluid type network only. 
Other fluid networks were beyond the scope of this work. Additionally this study was 
concerned only with the working fluid water and the operational characteristics of 
crystalline silicon solar cells which the authors believe to be the most commonly applied, 
however other working fluids and PV technologies may also be implemented.  
For future work, it is recommended that other fluid networks also be investigated as a 
large number of absorber types many of which were presented in Chapter 2, have been 
proposed. Furthermore, the use of air as the heat exchanger working fluid was not 
investigated in this work. As air is a commonly used medium for this collector type, it is 
recommended that a fluid analysis be similarly conducted.   
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